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SUMMARY

This final report describes the work completed through the third year

of the contract for an experimental investiga tion in to the basic mechanism
for forma tion of prompt laser supported absorption waves (LSAW) created when

laser pulses of high power density are directed onto target surfaces in air.

The objective of the research is to provide a detailed understanding of the

laser—surface interaction, under conditions when bulk vaporization does not

occur, by examination of the properties of the ejected electrons emitted in

vacuum. Both 1.06 ~.tm and 10.6 j.~m lasers were used in this study .

As technical background , four mechanisms for prompt initiation of

LSAW were considered — localized vaporization of absorptive inclusions in the

surface, therinionic emission, localized high—field electron emission from

protrusions on the surface, and multiphoton emission of electrons. Experi-

mental tests to di8tinguish among these mechanisms were identified . A pre—

liminary correlation of previous studies of electron emission under intense

laser radiation due to Musal was used to identify true multiphoton emission

of electrons, a transition region, and a saturation region as a function of

increasing laser irradiance. A two—criterion model for production of laser

supported detonation (LSD) waves due to Musal was explored . The model

requires exceeding a minimum irradiation threshold , to eject enough energetic
electrons from the target to seed an ionization cascade in the air , and also

exceeding a minimum fluence threshold for development of a nearly fully

ionized plasma.

The design, construction, and testing of the target chamber and vacuum

system, the target developed for measurements with fast time response of

total electron emission, and the electron energy analyzer and detector are

presented in detail. Q—switched laser pulses were obtained from both the CO
2

ii
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laser and the Nd laser and focused to yield irradiances in excess of the

minimum irradiance criterion for production of LSD waves. Target materials

included ch emically polished pure aluminum , alum inum 6061—T6 and 2024—T3
alloys, cast aluminum , type 321 stainless steel, titanium Ti—6Al—4V alloy ,

gold , silver , and painted aluminum .

Experiments were conducted in vacuum with 0.3 ps pulses of 10.6 pm

laser light with incident irradiances from 0.3 to 10 Mw/cm
2 
on metal targets.

The peak lectron current density from type 321 stainless steel and Ti—6A1—4V

titanium alloy increased w ith irradian ce bu t showed no brea k at the thr eshold

irradiance for initiatien of LSD waves. Elec’ron emission from aluminum was

found to increase substantially upon roughening of the target surface. An

even larger emission was found upon irradiation of an array of aluminum coated

field emission points. For polished pure aluminum , 606l—T6 aluminum alloy ,

gold , silver , and painted aluminum targets, electron emission was not observed ,

but upper limits for electron current density at irradiances of 5 Mw/cm2 were
—5 2found to be less than 8 x 10 A/cm

Experiments were conducted with 0.1 ns pulses of 1.06 pm laser light

with irradiances Cross 8 to 250 Mw/cm2 on various aluminum targets in vacuum .

The time dependence of electron emission changed from a sharp spike at low

irradiances to a pulse with a slower rise and longer decay at the highest

irradiance. Rotation of the polarization vector of the laser light to be

perpendicular to the target surface increased the electron emission from

aluminum alloy but had no effect on cast aluminum. Measurements of peak

current density versus irradiance showed electron emission from cast

aluminum to be the same as that from chemically polished pure aluminum .

Roughening the surface of aluminum alloy increased the electron emission at

this wavelength also. Emission from aluminum 2024—T3 alloy was found to be

much smaller than that from aluminum 6061—T6 alloy.

In the experiments reported here, sufficient electron current density

to produce LSD waves in air is generated in vacuum at laser irradiances near

(:
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the reported thresholds. The temperature rise is too small for thermionic

emission to be significant except possibly at the highest irradiances studied.

The temperature rise is too small to induce vaporization of even thin laminae
of the bulk material. The slope of log total electron emission versus log

irradiance plots is too small to correspond to true mult iphoton emission of

electrons. The bulk of the evidence supports enhanced field emission as an

operative mechanism for electron production in most of the  m at e r i a l s  s t u d i e d .

iv
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Sect ion  1

INTRO DUC T I ON

This f i n a l  report  describes the work completed through the third year

of the con t rac t  fo r  an exper imenta l  invest igat ion into  the  basic mechanism

fo r  format ion  of prompt laser supported absorpt ion waves created when laser

pulses of high power density are directed onto target surfaces. The objec-

tive of the research is to provide a detailed ut.derstanding of the laser—

sur f a c e  in terac tion , under conditions when bulk vaporization does not occur ,

by examination of the properties of the ejected electrons.

In Section 2 a d iscuss ion of t h e  t e chn ica l  h~ickgr ound  and cu r ren t

state of knowledge is given . Section 3 is devoted to the development of

apparatus and experimental procedure . Section 4 contains experimental

results and discussion .

t o  1-l N
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Sec tion 2
TECHNICAL BACKGROUND

Th is sec tion con ta ins a descr iption of the phenomenon of prompt
initiation of laser—supported absorption waves (LSAW) , the initiation

mechan isms wh ich have been pr oposed ,and some possible experimen tal tests to
distinguish among these mechanisms . Next there is a discussion of a pre-

l iminar y correla t ion of previous studies of electron emission from metal

surfaces under intense laser radiation . Finally, a new model for initiation

of laser—supported detonation waves is described .

2.1 Mechanisms for Prompt In i t i a t i o n  of LSAW

The phenomenon of prompt initiation of laser—supported detonation

waves from metal surfaces has now been observed by many experimenters.
Typical are the experiments at Battelle , (C. 1. Walters , et al., Reference 1),
where fractional microsecond laser bursts of 10.6 pm photons from a CO2 TEA
laser on rolled Al surfaces in ambient air have produced laser suppor ted
absorption waves (LSAW) which travel through the air away from the target.

The luminous waves absorb laser radiation , blocking delivery of energy to
the target. The power density of the laser for these experiments is in the

range 50—500 Mw/cm
2 

, with a pulse length of 200 ns. Onset of the air break-

down is observed within 20 its after the laser pulse reaches peak power. The

LSAW are initiated in a time much too short to produce bul.k vaporization of

the surface. Streak photographs of the surface—air interface during the

laser pulse show the breakdown emanating as streamers from a few randomly

distributed discrete points on the surface (at threshold power density, 10—50

points in the 1 cm2 laser spot). Increasing the laser power density

increases the number of source points and the density of the streamers . At

the highest laser power densities , the breakdown appears to spread uniformly

over the entire illuminated spot on the surface. Flashing the same spot re—

2—1
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repeatedly may produce an absorption wave on the first pulse but no absorption

waves on subsequent pulses. Examination of the surface of aluminum sheet

stock of the type used in the experim en tal studies , using a scanning electron
microscope , showed localiz ed random ly distribu ted pi ts, scra tches , protrusions,
and inclusions that could be the sites for “promp t” absorpt ion wave initiation .

Alth’~ugh electron microscopic examination of the surface after laser irradi-

ation reveals removal of some surf ace fea tures , open ing of pits , and so for th ,
looking at the “before ” photographs gave essentially no clues as to which
fea tures would serve as sources of LSAW or which fea tures would be changed by
the laser flash. Once the laser absorption wave has been initiated , its

propaga tion can be explained by rela tivel y well under stood mechanisms of
laser absorption producing cascade ionization of the air . Therefore, interes t

Is focused on the mechanism which initiates the breakdown .

Many mechanisms were initially proposed including vaporization of the

surface, oxide films, chemical reactions and several others, but on careful

examination , (P. D. Thomas, H. N. Musal, Refer ences 2 ,3) ,  most were disquali-
fied as sources of rapid ‘.iitiation of LSAW. There are currently four viable

mechanisms which could conceivably account for rapid production of ionization

at localized sites, from which an absorption wave could be quickly initiated :

(1) Localized vaporization of inclusions which may have

higher absorptivity than the surrounding metal surface

and poor thermal contact with the bulk of the metal

leading to a plasma “micro—jet ” of the inclusion

material.

(2) Thermionic emission from “hot—spots ” associated with

su rface  imperfec t ions .

(3) Locali z ed high — f i e l d  e lec t ron  emission from p ro t rus ions

on the surface.

(4) Multiphoton emission of electrona from the metal surface.

2—2
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The probability of initiation of LSAW by localized vaporization of

inclusions is highly dependent on the nature of the Impurity Inclusions.

There is no doubt that this mechanism Is theoretically possible If the

appropriate thermally isolated impurities are present in the target surface.

Studies of this mechanism should give special attention to the chemical

composition and distribution of surface impurities.

Preliminary theoretical evaluation of thermionic emission showed that

thermal conduction in the target would lead to low emission yields and that ,

in addi tion , space charge lim itations would severely restrict the amount of

ionization that could be achieved . Initiation by thermionic emission is,

therefore , improbable unless the imperfection is a thermally Isolated thin
lainina . For this case, Musal has shown that if the lamina has a thickness of

only a few elec tromagne t ic skin dep ths , then thermionic emission of electrons
from the lamina could produce Initiation of LSAW within the short times

observed experimentally , (Thomas, Musal , and V . S. Chou, Reference 3b).

P. D. Thomas and H. M . Musal (Reference 2b) have examined theoretically

the high—field emission mechanism in detail. Field emission of electrons

from metal surfaces requires electric fields of 20— jO MV/cm. The fields

attained in the Battelle laser experiments are only about 0.2 MV/cm. Field

emission of electrons is therefore not expected to occur from the flat

surface of the metal. However, Musal has calculated that surface protrusions,

modeled as prolate spheroids with height—to—base diameter aspect ratio of 20,

experience an electric field intensification of a fac tor of 100, which is
sufficient to produce field emission of electrons. Treating the laser field

as quasistatic , he has calculated that such field—emitted electrons could

experience potentials of about 10 eV in the vicinity of protrusions which are

less than 1 pm high . Electrons produced by field emission can be accelerated

by the laser field to high enough energy to cause Impact ioniza t ion of the
ambient air molecules, thus creating an air plasma and negating the effect of

space charge limitation. The time sca ’e for Ionization buildup via this

phenomenon appears to be consistent with the experimentally observed effects
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of “prompt” abosrption wave initiation at high incident beam intensities ,

(e.g., within 50 ns for laser power densities of 100 Mw/cm
2
).

Additional calculations (Thomas, Musal and Chou, Reference 3) on the

field emission mechanism have produced some interesting results. The original

calcula tions assumed a step function form for the laser pulse. The calculated

time required to produce initiation of an absorption wave was much shorter

than the time observed experimentally at high laser power density. Modif I—

cation of the calculation to include a reasonable non—zero risetime brings

the calculated initiation time into good agreement with the observations . In

addition , there is known to be a synergistic effect between temperature and

field emission. A temperature rise of a few hundred degrees can produce an

orders—of—magnitude increase in field emission currents. Consideration of

both these effects leads to theoretically calculated initiation times in very

good agreement with the experimental observations.

To infer the correct mechanism, one must identify features which differ

in the theoretical models and select those which are most susceptible to

experimental verification.

The energies of the electrons ejected from the surface differ for these

mechanisms. Thermionic electrons have energies of a few tenths of an eV.

Electrons produced from vaporization of impurities should have energies charac-

teristic of plasma temperatures, that is a few eV at most. Electrons produced

by field ionization may have energies of 10 eV or more. High energy electrons

have been observed in multiphoton photoelectric effect studies (Gy. Farkas,

I. Kertesz, Zs. Naray and P. Varga , Reference 4). Measurement of the energy

distribution of the ejected electrons is a powerful method for distinguishing

among the proposed mechanisms.

Another significant difference among the initiation mech an isms is the

time history of electron ejection. Both thermionic emission and vaporization
of surface impurities occur through an absorption and heat transfer process.
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A defini te  delay should be observable in the onset of electron production ,
and electrons should continue to be emitted after termination of the laser

pulse — both due to thermal lag. Field emission currents, on the other hand ,

are a highly nonlinear function of laser power density. The electron current

should therefore rise steeply as the peak of the laser pulse is reached and

should fall more steeply than the fall—off of the laser pulse. This effect

has also been observed experimentally in the transition from the multi photon

photoelectric effect to thermlonic emission. (Gy. Farkas, et al., Reference 4).

If the laser pulse is made very short , field emission could still occur in

phase with the pulse, but electron production from the other mechanisms would

be unimportant (Gy. Farkas, et al., Reference 5).

The magnitude of the electric field perpendicular to the target surface

strongly influences the probability of electron emission. Consequently , the

polarization of the laser beam has a large effect on the current from optical

field emission (Gy. Farkas, Zn. Naray and P. Varga, Reference 6). For a

beam striking a metal surface at a glancing angle, maximum electron emission

was observed when the electric field was polarized in the plane of incidence.

This direction yields the largest net electric field perpendicular to the

surface and thus produces the largest force for ejection of electrons. Negli-

gible electron current was produced with polarization parallel to the surface.

If the power absorption of the target is normalized to correct for changes in

reflectivity with polarization , changes in the angle of polarization should

have no effect on electron production by vaporization of impurities . At fixed

polarization, the magnitude of the electric field will vary as the sine of

the angle of incidence at the target. The area illuminated will increase as

the secant of the angle of incidence , so that the heating per unit area will

behave as the cosine of the angle of incidence. At constant laser power

density, f ield emission currents from the target will show a sine function
dependence, increasing with the ang le of incidence, but currents from vapori-

zation of impurities should show a cosine dependence, decreasing as the angle

of incidence is increased (both at fixed polarization).

More detailed discussion of the theoretical treatment of LSAW may be
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found in the report by Thomas and Musal (Reference 2b) from which the

following conclusions and recounnendations are taken:

Several mechanisms for rapid production of ionization at a material

surface from which a laser—supported absorption wave could be promptly

initiated prior to uniform surface vaporization have been discussed . It has

been shown that high—field electron emission from surface irregularities

appears to be a viable contender; however, localized vaporization at material

inhomogeneities has not been ruled out.

A critical difference between these mechanisms resides in whether the

initial ionization consists of a material vapor plasma “micro—jet” or an

ambient atmospheric gas “plasmoid”. Both types of plasmas will radiate;

hence measurement of the radidtion spectra poten tially could be used to
differentiate between them . Fast time resolution (on the order of tens of

nanoseconds) and high spatial resolution (on the order of tens of microns)

are required if a material  vapor micro—jet initiates the LSAW because

there will also be atmospheric radiation from the absorption wave within a
very short time and within a small distance from the surface. On the other

hand , if it is electron emission that initiates the LSAW, there could be sub-

sequent vaporization of the surface material after the LSAW has been launched,

which would produce a material vapor spectrum. Therefore, time and/or space

integrated spectra do not appear to be adequate to resolve this distinction .

It has already been pointed out that the distinguishing characteristic

of the field—emission mechanism for prompt initiation of laser—supported

absorption waves is the acceleration of the emitted electrons in the high

field region near the emitting surface to energies sufficiently high as to

cause impact ionization of the ambient atmosphere. Therefore, a critical

test of this mechanism would be to measure the energies of the electrons

emanating from a surface under intense laser irradiation. This experiment

should be done in a vacuum rather than in an ambient atmosphere so that the

electrons do not lose energy through inelastic collisions with the atmospheric

molecules before they reach the energy measuring detector . This will not
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alter the basic mechanism because an ambient atmosphere does not play a funda-

mental role in the emission and acceleration process. Thermal electron pro-

duction processes, such as vaporization or thermionic emission, are also

expected to produce electrons under these conditions. However, the mean

energy of such electrons will be a few electron—volts at most, whereas the

field—emission and subsequent acceleration mechanism is expected to produce

t 1 *~ct rons  wi th  energies above ten e lect ron—volts .  Thus , a measurement of the
elec tron energy distribution should distinguish between the two types of

sources and verify the presence of a high energy group that could cause

impact ionization if an ambient atmosphere were present .

The phenomena being stud ied operate on a inicroscale in both time and

space. Furthermore , these phenomena are very non—linearly dependent on the

incident radiation intensity. Any temporal “spike” or spatial “hot spot” in

the incident beam intensity will greatly enhance the initiation mechanism

because of the strong nonlinear dependence of field—emission current density

and cascade—io nization buildup on the electric field intensity .

In suamary, experimental tests which can be used to distinguish among

the suggested initiation mechanisms are listed in Table 2—1 together with

the predicted result for each mechanism .

2.2 Electron Emission from Metals under Intense Laser Irradiation

Electron emission from metal surfaces under intense laser irradiation

has been observed, measured , and reported by many investigators , notably

Farkas et al., (Reference 8), Knecht , (Reference 9), Logothetis and Hartman ,

(Reference 10), Ahmad and Walsh , (Reference 11), and Bechtel , Smith , and

Bloembergen, (Reference 12, 13). Initial assessment of the measurements of

these investigators reveals apparently conflicting results and unexplained

trends in the data. It now appears, however, that it may be possible to

reconcile all these results into an overell phenomenological picture. This

approach , which was formulated by H. H. Musal, will be briefly outlined here.
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Figure 2—1 shows, in a semi—quantitative manner , how the electron

emission current from a laser-irradiated metal surface behaves as the

intensity of the radiation is increased . The emission current density J is

plotted versus the laser irradiance C (bo th on norma l ized logari thmi c

scales). The dominant feature of this schematic graph is the transition

threshold at which the emission current increases markedly. This t r a n s i t i o n

threshold irradiance has been arbitrarily located at unity on the normalized

intensity scale.

At irradiances below the transition , the electron emission current

obeys a true “multi—photon” photoelectric emission law ; the emission current

density increases with irradiance according to the relationship J -
~ C
0

where n = integer value of Ii + ($/hV)] , ~ ‘ is the work func tion of the
metal surface, and hv is the photin energy of the laser radiation . In this

region the plot is a straight line with slope n - Several lines are drawn

to show the effect of increasing work function within the constraint of

constant n . In this regime the emission curren t is sensi tive to the

polarization of the laser rad iation, and the emitted electrons appear to have

medium to high energies (up to the order of 10 electron—volts).

At the transition intensity the electron emission increases with a

slope of order — 15, which is to be compared to a typ ical slope of 2 or 3

(for ruby lasers) at the lower intensities . The current is observed to

increase by many orders of magnitude. In this transition region the data

display some sensitivity to the work function , but no data have been reported

on the effects of polarization of the laser beam or on the energies of the

emitted electrons.

At much higher irradiances the current density ~I1~~*ars to display a

saturation effect with the slope of the urve approaching unity.

With the above qualitative picture in mind , the .‘xperimental obser-

vations cited earlier can be put into context. This is shown in the figure
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F i r .  2-1. Electron Emission frcin Me tals under Intense Laser Radiation.
The results of various investigators are correlated and
located in the appropriate emission regin~~s: “true” multi-
photon, transition, arxl saturation. For details , see text.
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by ass ignment of each observat ion  t o  i t s  a p p r o p r i a t e  r e g im e . Thus , the data

of Fark as — 67a , (Refu ren - & 6), on sensitivity of th . el€s t ron emission to

p o l a r i z a t i o n  of t he  l a s e r  r a d iat i o n  and t h e  da ta  of io ~;othetis and llartman ,

( R e t e r e n c e  10), and of Ahmad and W a l s h , ( Re f e r e n c e  11), on the  slope of the

emission current curve , all fall in the t rn c  m i t i — p h o t o n  emission reg ime and

are  c o n s i s ten t  with e n-h other. Some of the  da ta  o b t a i n e d  by Farkas  — 67c ,

( Re:~~r t n c e  7), by Knecht , and by Logothetis and Hartinan span the intensity

range between the true mult i—p hoton emission reg ime and the transition regime .

The dit.~ of Farkas — 67b , ( R e f e r e n c e  4 ) ,  f a l l s  t o t a l l y  w i t h i n  the  h ig h ly  nor~
linear transition regime . Finally, the saturation reg ime is a p p r o p r i a t e  to

the d a t a  ob ta ined  by l I r < V ~ 72 (Reference 8), and by Knecht (Reference 9).

M o s t  of the results cited ab~’ve were obtained by using rub y laser a l though  a

very limited set of result s W C I t  obtained with Nd:g lass lasers and frequency—

doubled rub y laser radiation . For ruby laser radiation , the incident thresh-

old irradiance for the abrupt transitio~ appears to be approximately

1 to 3 x 10~ watt/cm
2
.

Recent work by Bechtel , Smith and Bloemh Lr~~ V 11 (Reference 12) ,  has

employed single picosecond pulses of frequency doubled (532 rim) lig ht from

a Nd:YAG laser. For tantalum , molybdenum , and tungsten they found the maxi-

mum electron current density to he proportional to the square  of the maximum

irradiance as expected for a two—photon process. In the case of tantalum this

second—order behavior extended to the highest Irradiances investigated — about
8 —2 5 —2

5 x 10 watt cm producing a current density of about 1.5 ampere cm - The

transition and saturation regions were not y et  r e a ch ed  at the maximum

irradiance of these experiments.

Four—photon photoemission from tungsten was studied by Bechtel , Smith

and Bloembergen , (Reference 13), using 30 picosecond , 1.06 tim pulses from a

Nd:YAG laser. The electron current density was found to he p ropo r t i ona l  to

the fourth power of the irra (l i ul (- e over the range 0.4 t o  4 x ~~ watt cm 2

The electron current density at the highest irradiance was about 1.5 x lO~ A

The authors concluded that the use of short pulses mad , possible the
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verification of the four—p hoton process. For longer pulses , the contributions

from thermally induced processes usually become significant. The thermally

induced contributions would increase the slope ol the log emission versus log

i r r ad i ance  curve to hi ghe r va lues  at the large  i r r a d ian c e s , and it would be

d i f f i c u l t  to i d e n t i f y unamb iguous l y a single high—order multiphot on process.

2~ th ee  r et  i cal  fr amework ,ased on a gene ra l i zes  l ,wler_DuBr id ge theory

of e l e c t r o n  pho toemiss ion  appears p r o m i s i n g  ( R e fer e n c e  12 ) .  The bas ic

a s s u m p t i o n  is t h a t  the t o t a l  e l e c t r o n  c u r r e n t  d e n s i t y  is a sum of partia l

cu r ren t  densi t ies, each of which has a s imple  fo rm , e i t h e r  one— or n — p h o t o n

p h o toern i s s ion  or t h e r m i o n i c  e m i s si o n .  N u m e r i c a l  s o l u t i o n s  of the  hea t con—

d u c t ion  equa t ion  for  t h e  s u r f a c e  t i n j e r a t u re  I S  a f u n c t i o n  c f  space and t ime

have been ca lcu la ted  ( B e c h te l , R e f e r e n ce  14 ) ,  and a tho r tical expression

covering one— and n—photon photoeinission also available (Reference 13).

Unfortunately, even for pure metals with ideal surf-ic ’s, “th e uncer tain t ies

in the e lec t ron  escape p r o b a b i l i t y ,  t h e esc~~~’ depth , and t h e  n—p hoton

absorp t ion  c o e f f i c i e n t  are l a r ge  and no a c c u ra t e  c a l c u l a t i o n .  . . is present ly

possible” ( R e f e r e n c e  13) .

Never the less , the  c o n s ol i d a t i o n  of a v ai l  h i e  expe r imen ta l  da ta  on

e lec t ron  emission f rom l a s e r - i r r id i at e d  m e t a l  s u r f ac e s  in to  an o v e r a ll

phenomenolog ical p i c t u r e  is u s e f u l  a l t h o u g h  it requires further work for

v e r i f i c a t i o n. In p a r t i c u l a r , the  l o c a t i o n  of t h e  transition threshold at

various laser wave leng ths  and as a f u n c t i o n  of laser pulse length is crucial

to the development of wavelength scaling r e l a t i on sh i p s , and more m e t a l s  of

engineering importance need to be studied .

2.3 Model for Initiation of Laser—Supported Detonation Waves

A model for the in it lation of laser—supported detonation waves (LSDW)

and its correlation with experimental data has been developed by Musal

(Reference 15). By plot ting the characteristics of .11 laser pulses which

were reported to produce LSDW , he d iscovered two requirements f r  the
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prod uc tion of these waves :

1) a minimum i r r ad ia t ion  (power dens it ) threshold , and

2) a minimum fluence (energy density) threshold. Both

thresholds must be exceeded to produce LSDW. Neither

the de l ivery  of a very shor t , hi gh power pulse  nor the

d et ivery of a large amoun t of energy in a long ,  low

power pulse is su f f i c i e n t  to i n i t i a t e  a d e t o n a t i o n  wave .

The i r r ad i a t ion  c r i t e r i o n  requ i res  t h a t  the  power densi ty of the laser

pulse mus t exceed both of two values , one related to the  p rope r t i e s  of the

ta rge t  and the  other  based on the proper t ies  of a i r .  The i r r a d i a t i o n  thresh-

old for metallic targets is 2.5 x l0~ watt/cm
2 
absorbed by the material.

This is presumably the minimum irradiance required to eject enough energetic

electrons from the target to seed an ionization cascade in the air close to

the target. The irradiation threshold for subsequent growth of a fast , non—

equilibrium ionizat ion cascade in air is (1 x 106 watt/cm 2)(lO.6 tim /A)2

where A is the wavelength of the laser .

The fluence criterion requires that the energy density of the laser

pulse he s u f f i c i e n t  fo r  f u l l  development of the a i r  plasma from a low e lec t ron

density to the high electron density of a nearly fully ionized plasma . The

fluence threshold is (1 J/cm
2
)(lO.6 1jm/A )

2(l atm/P) wher e P is the amb i en t
pressure.

Musal ’s two—criterion model gives a good f i t  to the e x i s t i n g  l.Sl)W data.

A plot of fluence versus irradiance in the laser pulse provides a useful

framework for correlating the existing experiments , and it has considerable

predic tive value. This is a significant achievement. It should be noted ,

however , that in its present form the model is fitted to observed gross data

and does not deal In quantitative detail with the underlying physical pro-

cesses. In particular , the mechanism of electron emission from the target is

unspecified as is the mechanism by which the electrons acquire sufficient
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4
energy to initiate ionization . Additional experimental and theoretical work

should refine the model.

An especially interesting aspect of the model is the wavelength scaling

of the irradiation threshold . With CO
2 

laser radiation 10.6 pm , the material—
dependent value (2.5 x l0~ watt/cm

2 
absorbed) and the intrinsic absorptivity

of aluminum (a = 0.03) lead to a threshold of 1.2 x 7 wa t t/ cm 2 i n c i d e n t

irradiance , to be compared with the air—dependent threshold of 1 x 10
6 
watt/cm

2

incident irradiance. With the Nd:glass laser at 1.06 pm , the ma terial—depend-

ent threshold based on the absorptivity of aluminum at this wavelength

(~n = 0.06) becomes 4 x io
6 
watt/cm

2 
, to be compared with the air—dependent

th reshold  of 1 x 108 w a t t / c m 2 . Thus , fo r  aluminum sub jec t ed  to pulses from

the CO
2 

laser , the irradiance threshold governing LSDW initiation should be

material—dependent; but for pulses from the Nd:glass laser , the governing

threshold should be dependent on the power density requirement for creating

a fast cascade in the air.
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Sec t ion  3

APPARATUS AND EXPERIMENTAL PROCEDURE

The’ in it iation ffl ~~ han ism for laser s u l p e  ted ai orpt ion waves was

stuu .jed by Irrad iating the’ target in vacuum and making measurements on the

em i t t e d  e l e c t r o n s . The mea surements  were  p lanned  to i n c l u de  d e t e r m i n a t i o n , as

a t u n  t i o n  of laser  power d e n s i t y  and wavel ength , of the yield of elect ron s ,

the energy spectrum , the dependence on polar is it ion , t h e  dep endence on ang le

of incidence , and the dependence on t ime durin g the pulse. Measurements were

made on -a riou s m e t a l s  of p r o  t i c a l  i m l r t a n c e  and on s u r f a c e s  d e l i b e r a te l y

prepared to contain i l a r g e r  number  I field emission po in ts , to contain a

large concentrat ion of al s )rptlvl- inclus i ( f l s , or t o  he r e  I .tt Ively pure and flat.

In 3.1 the target chamber and vacuum s’, ~t em are d e s c r i b e d  f o l l o w e d  in

3.2 by a description of the target developed for measurenients with fast t ime

response of total electron emission . The design , V nstruct ion , calibration ,

and modification of the electron energy analyzer and dete ctor are presented

in 3.3. A description of the 10.6 tim CO2 
laser and experimental procedure

is presented in 3.4. The 1.06 5m Nd laser pul se’ ch a r l Ler in- ;ti c s Ire given

in 3.5. Finally, the target materials arc described in 3. 6.

3.1 Target Chamber and Vacuum ~~~V s t e m

The target chamber and vacuum svst em were designed and i l l  it in the

first—year phase of the con t r ac t .  Their characteristics are de’sI - rtbed b e l o w .

The target  chambe r is an aluminum cy l inder  9 in  es h i g h  by 12 inches
oute r diameter~ It conta ins  four  2 inch  ports f o r  a t t A c h m e n t  of opt ica l

elmuent , viewing window , and electrical l eed throughs. ZnSe optics were

chosen fo r the  CO
2 

laser studies because of their broad band transmission

(visible to CO 2 wavelengths) .  A single—element glass lens is used for the
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Nd :Glass laser studies . The lid of the target chamber is a box—like “top hat”

which contains the electron spectrograph , the channel electron multiplier

array with phosphor output , and fiber optics to bring the resultant signal

outside the vacuum system to be photographed . The target chamber contains

the target poshioner which permits externally controlled displacement of the

target by ± 1/4 inch in each of x— , y-  , and z—directions and rotation

thr ugh 3600 I~~o differen t types of target holders are in use , one wh ich
can be biased reliabl y for the electron energy measurements , and one which

forc s part of a transmission line for fast time measurements of electron

Pulses .

Th e vacuum sys tem emp loys Viton 0—rings and can reach a base pressure

of 3 x ~~~~ torr. A 4—inch gat e valve isolates the target chamber from the

pumping train which consists of a liquid—nitrogen chilled baffle (Varian

NRCO316—4), a 4— inch diffusion pump with cold cap (Varian NRCM4), and a
direc t—drive mechanical pump (Leybold—Heraeus D8A). The pressure is monitored

by a thermocoup le gauge for the higher pressure ranges and an ionization gauge
for  pressures below ~~~~ torr (bo th run by a Cranville Phillips type 270 Gauge
Controller).

The target chamber and vacuum system are supported on a nearly cubical

(24 x 24 x 29 inches) aluminum support table fitted with casters for easy

movement to different laser facilities . Once the table is roughly positioned

to place the laser beam close to the target , f ina l  ad justmen ts can be made
wi th positioners integral to the table. These permit motion of the target

chamber for leveling and vertical adjustment (± I inch), side—to—side motion

(± 1 inch), and rotation (+ 5°). These features were designed to simpl i f y

the initial setup of the target chamber at any laser facility .

3.2 Target for Measurement of Total Electron Emission

The fast response target shown in Fig. 3—i was designed to match a

50 ohm line and appears electrically to be an open circuit when viewed from
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Fig. 3-1. Fast Response Target Assembly. T)t n ignl . t ne. an opcn-(’ndeU n e c t i o l l
of 50 ohm transmission line to minimize stray reactances.
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1*

the connector end . The design formula for a 50 ohm line is given by (Ref. 16)

tan (-
~ 
02) = exp(51k/6) tan (

~ 
o~) (3.1)

where k is the dielectric constant of the line to be matched (k 2.0 for

teflon), is the half—ang le for the inner conical conductor and 0
2 

is

the half—angle for the outer conical conductor . For ease of construction

02 was chosen to be 900; thus 0
1 

becomes 470, The target assembly was

constructed to fit into half of a General Radio Type 874 50 ohm connector .

In use an adapter connects the CR connector to 3 mm solid copper shielded

50 ohm line , to a 3 mm type connec tor through the wall  of the vacuum chamber ,
and on to the Tektronix 7904 oscilloscope.

To reg ister a voltage signal at the scope from the electrons ejected

by a laser pulse on the target , it was necessary to create a small drawout

(of the order of 10 V/cm) field at the target face. A planar electrode

containing a hole of the same diam eter as the targe t was loca ted parallel to

the target about 1 cm away . This electrode could be biased to a few hundred

volts positive which was sufficient to draw away electrons produced at the

target.

3.3 Electron—Energy Spectrograph and Detector

3.3.1 Design Considera tions

The design of the spectrograph for measurement of the energy spectrum

of the emitted electrons was selected after consideration of time—of—flight ,

magne ti c , trochoidal , and electrostatic analyzers. The type chosen was the

parallel plate electrostatic spectrograph for low energy electrons (T. S. Green
and G. A. Proca, Reference 17).

In this instrument , electrons enter a uniform retarding field at an

angle of 30° to the equipotentlai planes , are deflected by the retarding field ,
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I

pass ou t through the ent rance p lan e, and travel in a field—free reg ion to the

focal plane . The focal p lane lies in the fie ld—free region at an angle of

10.9° to the e’quipotential planes. This angle y ields second order focusing

by min imizing aberrations . The displacement along the focal plane is given

by

x (cm)  = 5.29 fu (eV)/2E (V/ cm) — h (cm)] (3.2)

where h is the distance from the source to the entrance plane. The energy

dispersion is independent of electron energy

dU/dx (eV/cm) = 0.379 E (V/cm) . (3 .3)

The magnification of the analyzer is 1.5 A resolution of 0.5 eV with a mini-

mum reasonable dispersion of 0.1 cm/eV yields an image 1.9 cm long for the
desired energy range of 1 to 20 eV. The electric field implied by the

required resolution is 26.4 V/cm or less. Such fields could be produced by

a stack of guard plates (as in the Green and Proca design) and could be main-

tained uniform . Because the dispersion is independent of electron energy ,

electrons can be accelerated into the spectrograph without loss of resolution .

It is also possible to “tune” the spec trograph for h igh er energy electrons ,
at the expense of resolution , by decreasing the accelerating potential.

In the final design of the spectrograph, the dis tance from the source
to the analyzer h is chosen to be 2 cm. Then Eq. (3.2) establishes the mini--

mum electron energy to be transmi tted thr ough the analyzer (x 0) as 106 eV

for a field E of 26.4 V/cm. This requires acceleration of electrons into the

analyzer .  The low energy end of the focal plane lies at 3,,J~3 h or 10.4 cm
from the source, and the high energy end 1.9 cm f u r ther~ The entrance slit

subtends 120 and is 1.5 cm long . Assuming a focal pl ane wid th of 2 cm , one

calculates that an entrance slit width of 0.3 cm is adequate to view the

source. This provides a transverse angle of 9~~ 3
0~ An elect r ode spac ing of

3 cm is adequate to allow the trajectory of the extreme 360 ray to pass
through the analyzer.
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3.3.2 Detector Considerations

One of the simplest integrating detectors for electrons is photo-

graphic film . Direct photographic rec ording of electrons of 5 eV has been (Ref. 18)

reported and recording of 50 keV electrons on film in vacuum for electron

microscopy is routine. Electrons of a few kilovolts energy have a ra nge of
only a micr on in silver bromide , so that practicall y onl y one grain layer on
the f i lm is affected , and films with supercoating laye rs of gela t in should
be avoided . As an example of film sensitivity, Kodak Electron Image Plages

when processed in (1:2) HRP developer have an electron speed of 2 for

50—100 keV electrons . This implies an exposure of 5 x l0~ elec trons/ cm2 to
produce a density of 1.0 above gross fog. Because the total electron emission

of the target is only 7 x 1O
4 elec trons , it is impossible to achieve inte-

gra ted elec tron exposures of this size by accelerating the electrons emerging
from the spec trograph d irec tly in to the f ilm.

A high resolution , high sensitivity channel plate image intensifier

for use in particle spectrographs (Reference 19) h i s been tested with the

Green and Proca parallel plate electrostatic spectrograph. The electron

energy spec trum , dispersed along the focal plane , is the elect ron image wh ich

is ampl ified by a channel plate multip lier. Add itional gain might be achieved

by acceleration of the electrons from the focal plane to the input of the

channel plate multiplier . The electrons emerging from the mul tiplier ar e

accelerated to several kilovolts into a thin aluminum film deposited on the

face of a scintillator . The thin film has high electron transmission and

provides a uniform accelerating field but excludes any light. The photons

generated in the scintillator are coupled to a photographic plate by fiber

optics. The fast time response of the scintillator is not required in these

experiments, and it could be replaced by a fluorescent screen .

To assess the feasibility of the proposed combination of parallel

plate analyzer and image intensifier we can calculate backwards, from detector
to the laser target. To obtain a density of 0.6 above fog (25% transmission)

on a typical spectral photographic plate (Ref. 20) requires 0.03 photons per square
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micron. Because the image intensifier yields 1O5 pho tons per elec tron, the

required input to the image intensifier (at the image plane of the analyzer)

is 30 electrons per square cm. (Of course , sta tistical f luc tua tions alone

would make anal ysis of such a small number of electrons impractical . This

number is considered in order to examine a worst case situation . In actual

experiments , as explained below , a subs tantially larger number of elec trons

will be analyzed.) The dimensions of the image are 2 cm by 2 cm , so that

about 120 electrons must be transmitted by the analyzer. The acceptance

angle of the spectrograph is 12
0 in the energy—dispersing direc tion. In the

transverse direction the image of the 40 pm spot on the laser target is 2 cm

wide at a maximum distance of 12.3 cm. The minimum transverse angle subtended

is about 9.3°. If we make the stringent assumptions that the laser target

emits electrons isotropically into the 2~i solid angle and that the energy

distribution of the electrons is flat over the .~energy range 1—20 eV (so that

the electrons spread uniformly along the iin~ge plane), then the total number

of elect rons leaving the target would have to be about 2.5 x 1O 4 . For a

laser pulse of 200 ma duration this represents a current of 1.3 x i0~~
electrons per second for an emitting point. Musal (Reference 3) calculates

that a current of this size could be produced by laser flux densities of

50—500 Mw/cm
2
, depending on his choice of conditions . (For example , a f i e ld

emission poin t one micron hi gh with a field enhancement of 100 would emit
3.6 x io1~ electrons for a laser power density of 100 Mw/cm2, and a point

of 0.3 microns with a field enhancement of 30 would emit 4 x 10
11 elec trons

at 1Gw/cm
2
.

For several reasons the example just discussed is a worst case

si tuat ion . Fi rst , the blackening of film to D = 0.6 is a severe requirement

fo r plates to be read on a microdensitometer . Second , the energy spec t rum of

the electrons will not be flat but will peak at some energy of interest in-

creasing the signal in the appropriate part of the image. Third , the

electrons will probably not be emitted isotropically but will be preferentially

accelerated along the direction of the electric vector of the laser radiat ion
and into the spectrograph . Finally , not only does the emission per point rise
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rapidly with increasing laser power density, hut the number of emitting points

has also been observed to increase. Because the calculation for these worst

case assumptions indicated that the experiment wos feasible with the proposed

apparatus , it was reasonable to expect that the experiment could be successful

under the actua l conditions.

The channel plate image intensifier with photographic film recording

was judged to be the most appropriate for use with the parallel plate electro-

static spectrograp h.

A schematic diagram of the experimental arrangement as originally

conceived is shown in Figure 3—2.

3.3.3 Hardware

The electron spectrograph has been designed , built and calibrated .

The base plate is made from 0.1 inch thick staInless steel and the electrodes

from 25 nil advance metal. The electrodes are 2 inches wide by 7 inches long

with cutouts of 0.5 by 6.1 inches for the electron trajectories . The

electrodes are supported from the base by 14 aluminum oxide rods and spacers

located along the outside edges . A un iform elec tr ic f ie ld  is produced by a

voltage on the electrodes supplied through a voltage divider of precision

glass—encapsulated resistors located within the vacuum system . The base plate

contains both the entrance and exit apertures for the electrons . It is

8.85 inches long and is interfaced to the input plane of the detector at the

required angle of 10.90 by means of a wedge—shaped , hollow , cyl indr ical
support. The base plate bolts to this wedge which , in turn , is bolted to the

flange containing the detector and the fiber optic output window . The

Channetron~~~ Electron Multiplier Array (CEMA) c onstructed to our design by

Galileo Electro— Optics has a 40 mm active diameter with 25 ~im pore size. The

input to the fiber—optic window is vacuum sealed to a flange to carry the

light of the output signal through the vacuum wall where the signal is
recorded on f i lm. Thus, the entire assembly—electron spectrograph , detector ,
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and fiber—optic output is mounted on .t single flange which can be assembled

and aligned outside the target chamber and then fitted into the box—like

“top—hat ” on t~~ie- l id st the t irget chamber. A scale diagram of this arrange-

ment is shown in Figure 3-3.

3 . 3 . 4  C a l i b r a t i o n

Calibration of the energy transmission and resolution characteristics

of the sys tem was accompl i shed  by using a tungsten sp i r a l—wound  filament as

an e lec t ron gun ca thode  which  was located behind a p i n h o l e .  The ca thode  was

biased to a negative voltage (shown as electron energy U) and the plate con-

taining the pinhole was grounded . From Eq. (3.2) one expects the energy of

electrons reaching a fixed point on the focal p lane ci the spectrograph to be

l inearly dependent on the analyzer field E

U (eV) = E(V/cm) [.379 x (cm) + 21i (cm)] . (3.4)

This is confirmed in Figure 3—4 which is a plot of the energy of electrons

reach ing the cen ter of the CEMA ou tpu t  c i r c l e  versus ana lyze r  f i e l d .  The

design value of x to t h e  center of the CEMA was 6.9 cm and with h = 2.0 cm ,

the design slope of the U versus E plot was calculated to be 6.61 to be

compared wi th  a measured v a l u e  of 6.60.

The energy dispersion of the spectrograph - i s  ~ f u n c t i o n  of anal yzer

f ield is shown in Figure 3—5 . From the design equation (1 .1) the plot is

expected to be linear with a slope of 0.379. The observed p lot is linear with

a slope of 0.335,w ithfn 10% of the design value:

The energy calibration of the spectrograph is sensitive to the position

h of the electron source (see Eq. 34). The value p1 h is difficult to

ascertain directly because of the odd ang les involved and beca use the targe t

is mounted from the base of the chamber and the  spectrograph is mounted on

the lid. Consequently, an empirical in situ al~~d4ns-tI t and c;ilibration is
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provided by placing an electron filament behind at pinhole at one side of the

target assemb l y level with the target surface. Tue pinhole is visually

located as close as possible to the best source location , and final adjust-

ments to achieve the narrowest , brightest line at the output of the spectro-

graph are accomplished in vacuum using the electron source. The energy cali-

bration is then established by the bias on the filament. The laser focus is

then brought into registration with the p inhole by use of the visible align-

ment beam passing along the laser axis. Finally , the target is displaced side-

ways to bring the target material into testing position.

Photographs of the output were taken at f/l.4 on Polaroid Type 410

f i lm wi th a camera of the type used f or osci ll oscope photos. Figure 3—6 is

a multiple exposure photo with different bias voltages applied to the tungsten

filament electron source. The horizontal slightly curved lines are produced

because there is no focusing in the transverse direction by the spectrograph .

A transparent millimeter grid was placed across the output face to aid in

calibration .

3.3.5 Modi f ica t ion

When the analyzer was used with a laser shot , a large bri ght spot
appeared on the screen a t analyz ing vol tages ~- orresponding to sligh t ly less

than the accelerating voltage from the target (Fig. 3—7). This effect probably results

from electrons produced at the  solid plate a t  the rear of the analyzer by
photons coming from the target. These spurious electrons mask the desired

signal of electrons emitted from the target. To reduce th i n  undesired current ,

the rear analyzer pla te was repla ced by a h i gh-transmission nickel grid to

maintain the electrical characteristics of the analyzer while permitting the

photons to pass out of the analyzer . Effort s on further development of the

elec tron energy analyzer were concluded at this point because of termination

of funding .
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1
~1C . 

l V V S ,~~ Cali i r a t i o n  of Elec t ron  Energy sp ec t rograph .  Mul t ip le
exposure of electrons from cilament and pinhole
calibration source shows energies from 150 to 174 eV
in 2 eV steps plus 155, 165, 175 eV. Analyzer f ield
was set at 25 V/cm.

Fig. 3—7. Energy Spectrogram of Electron Distribution from Laser
Pulse on Al Alloy Target showing spurious bright spot
due to photoelectrons produced inside the analyzer .
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4
3.4 (O.~ 10.6 pm Laser

3. 4.1 Experimental Apparatus

Laser pulses of 0.3 microseconds duration at 10.6 pm wavelength were

obtained by mechanically Q—switching a Coherent Radiation Model 43 CO
2

laser. The laser has a 13 meter cav i ty and can produce 500 watts cw. To

Q—switch the laser , the toally reflecting rear mirror was replaced by a pair

of concave spherical mirrors which are adjusted to reproduce the focal length

of the rear mirror . A small focal spot is created between the concave

mirrors , and the laser beam path is chopped at this point to produce

Q— switching . Beam chopping is produced by transmission through a 10 mil slit

in a 3.25 inch diameter Al wheel which was dynamically balanced and driven at

400 Hz by a synchronous motor . Because the chopper is mounted on the  laser

end pla te, it reaches a 20 kV potential during the striki-tg of the discharge.

The choppe r motor power suppl y is isolated by a high voltage transformer.

The opt ics and chopper motor are water—cooled and all are located

with in the vacuum system of the laser; that is, they are immersed in the
C0

2
—N
2
—He gas medium. Excited species from the discharge are free to migrate

into the Q—switch assembly and probably were the cause of turning the black—

anodized chopper wheel to a golden color. The water cooling connections

among the copper heat—sink mounts were originally mad e by rubber surg ical

tubing . Unfortunately , stray reflections of the laser beam during adjustment

of the chopper wheel burned holes in the tubing admitting cooling water to

the laser cavity. Satisfactory results were achieved by use of flexible

stainless steel tubing and compression fittings for the water cooling system .

Because individual submicrosecond pulses were required for these

experiments, a chopper wheel containing a single transmitting slit was tried .

From the 400 Q—switched pulses per second produced by this arrangemen t , a

single pulse was isolated externally to the laser by a solenoid—driven

shutter which remained open for 2.5 milliseconds. Although this method

• 
4 _ JV
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yielded the desired pulse , it also resulted in a large number of noise
pulses and severe erosion to the chopper wheel. Much more energy was con-

tained in the sum of the noise pulses than in the main Q—switched pulse.

Observations showed no noise pulses for a short time after the main Q—switched

pulse and little erosion on the area of the chopper wheel which immediately

tollowed the slit into the beam . Evidently, the time required for the con-

tinuous discharge to create a population inversion in the lasing medium is

short compared to the 2.5 ms between Q—switched pulses , and there is sufficient

gain in the laser medium to cause the laser to f ire on spur ious re f lec tions
from the chopper wheel.

Relatively clean Q—switched pulses wer e ob tained by chopping at a

faster rate. A chopper wheel containing 12 eq ual ly spa ced sl its was run at
400 Hz to yield 4800 pulses per second , that is, a pulse spac ing o 1~ 208 m icro-

seconds. Although spurious pulses were no t compl etely el imina ted , both their
size and frequency were markedly reduced to five or less noise pulses per

Q—sw itched pulse with a total energy content always less than half that of the

main pulse and usually much less. Figure 3—8 shows the experimental setup .

To isolate a single Q—switched pulse from the pulse stream , a rotating

shu tter wheel was placed external to the laser in series wi th the solenoid
driven shutter . This wheel contained six 3/8 inch diameter holes spaced on

a 7.50 inch diameter circle. The wheel was driven by a variable speed ac

motor at about 4800 rpm to provide a clear aperture for 200 ps spaced about

2 milliseconds apart. The speed of the solenoid driven shutter was increased

so that it remained open for 2 milliseconds. The “ope&’ status of each shutter

was monitored by a light source coupled to a phototransistor. The triggering

of the single—shot solenoid—driven shutter could be adjusted through a time

delay circuit and observed on an oscilloscope. The timing was set so that

the 200 ujs “open” time of the shu tter wheel f e l l  at the middle of the 2 ms
“open” time of the single—shot shutter . Because the Q—switched laser pulse’s

were spaced about 200 js apart , this arrangement insured transmission of a

single Q—switched pulse for each firing of the solenoid—driven shutter.
4
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‘4

The internal safety shutter on the laser housing was used to block the

laser output except for a few seconds during a shot.

A manually operated beam flag was p.~.aced between the exit of the

d ischarge tube and the first spherical mirror of the Q—switch chopper. The

f lag  was removed f r om the beam pa th onl y when laser shots were being made .
This device permitted the discharge to be run continuously, thus enhanc ing

tile stability of the laser while preventing the beam from reaching the mirror

being focused to a spot and eroding the chopper wheel.

The beam exit from the laser was located only a few inches from the

floor. The beam was raised to the height of the target chamber by a periscope

arrangement of two front surface Al mirrors . The lower mirror deflected the

beam vertically and changed the beam polarization from horizontal to vertical.

The upper mirror deflected the beam to the horizontal and at righ t ang les to

the original direc tion of the beam emerging from the laser. The beam polar-

ization remained vertical after this reflection.

The laser beam then passed through the shutter wheel , and the single

shot shutter. A KBr crystal plate beam splitter located in front of the

target chamber reflected about 8 perc en t of the beam in to a beam moni tor .
The main part of the laser beam passed on to the 2.5 inch focal length ZnSe

lens sealed into the target chamber and was focused onto the target.

The beam monitor consisted of a 1.5 inch focal length Ce lens and a

Molectron P3—00 pyroelectric detector . To obtain 10 mV signals to display

directly on the oscilloscope a feedback resistor of 510 K was used which made

the detector risetiine 250 nanoseconds. The beam monitor response was cali-

brated against a small , precalibrated tantalum foil calorimeter , using single

pulses from the laser . The reflectance of the anodized Ta foil was measured

independen tly (R — 0.86), and a linear calibrat ion was obtained between the

voltage output of the pyroelectric detector and the energy delivered to the

ta rget.
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During an experiment the signal front the pyroelectric detector was

fed into one channel of a Tektronix Type 551 dual beam oscilloscope (main-

frame risetime 12 nanoseconds) with Type 53/54B wideband calibrated preamp

(risetitne 25 nanoseconds).

The laser—induced electron emission was measured as electron current

leaving the  t a rge t .  Two Avantek Type AV—9T solid S ta te  ampl i f i e r s  w i t h

0.7 nanosecond riSetimes and voltage gains of 32.5 and 35.5 were used to

amplif y the elec tron signal which was fed into the other channel of the dual

beam osci lloscope through a Type 51/54K fast rise calibrated preamplifier

(risetime 6 nanoseconds).

A thin metal pla te con taining a hole for  passage of the laser beam

was placed 1 cm from the target. A dc voltage could be app lied to this p la te

to produce a drawout field for the electrons emitted from the target.

The oscilloscope was triggered by a signal derived from the shutter

moni tors through an Ortec Type 418 coincidence unit which fired when both the

solenoid shutter and the rotating shutter were open. A sweep speed of 20 micro-

seconds/cm was used to display the entire period when the shutters were open .

A fas ter sweep speed based on in ternal tri gger ing der ived f r om the laser
signal was found to be unsatisfactory . The scope tended to trigger on small

noise pulses from the laser, and the fast sweep speed would cause the main

peak to be missed . Internal triggering on the electron signa l was success-

fully accomplished for one set of runs so that a faster sweep speed could be

used and the temporal structure of the laser and electron pulses could be

observed . This mode of operation was not satisfactory for monitoring every

shot because electron pulses were not always obtained , and in this event this

scope wauld not trigger and no record of the laser pulse for diagnostic pur-

poses could be obtained . Ideally , two double beam 8.opi’ : shou ld be used ,

one at slow sweep speed to give a complete record of &-~n-h shot and one at

fast sweep speed to record the temporal structure of the pulse . Unfortunately,

two dual beam scopes were not available for these measurements.
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The pulses were photographed on Polaroid Type 410 film .

3 . 4 . 2  CO2 10.6 pm Laser , Experimental  Parar . ters

Determination of the laser irradiance onto the target requires

measurement of the energy in the laser pulse , the pulse width , and the spot

size.

The energy per pulse was determined b y c a l i b r a t i o n  of the  py roe lec t r i c

detector against the tantalum foil calorimeter which had in output of

7 x lO~~ V/j . For this calibration the target was replaced by the calorimeter ,

and the calorimeter output was measured on a microvoitmeter. Multi plying the

output of the pyroelectric detector used as a monitor in the split—off beam

by 2.30 x 10
2 j / V  yields the incident energy on target.

The area of the laser focal spot was determined by driving a knife

edge through the beam. For this measurement , both shutters were left open

and a continuous stream of pulses was delivered to a power meter downstream

from the knife edge. The beam profile appeared nearly gaussian with a

l /e 2 target spot area of 6.2 x ~~~~ cm 2 
. The dep th of focus was abou t 1

The full width at half height of the laser pulse averaged from 20 shots

was 0 .30 + 0.04 p5 so tha t fo r  a tempor al l y  ga uss i an pulse , the l/e scale time

is 0.30 ps/ (2/~~~ ) = 0.18 p s .

Assuming the pulse to be both spatially (x,y) and temporally ( t )

gaussian (Reference 21), one has the equation

I(x ,y, t) I exp [_ (2/w
2
)(X

2 + y2)] exp (-t
2

/ T
2

) (3.5)

where I is the irrad iance, I~ is the peak irrad iance , w is the beam

radius, and ‘r is the l/e scale time . The total energy in a pulse E
t 

is
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given by in tegra t ion

= 1( 1 I (x ,y,t)dx dy dt (3.6)

E 1/271
3/’2 ~ 2 T i (3.7)

t p

Solving fo r  the peak I rrad iance , one o b t a i n s

2 E
= 

(ii w2)(vc ’rj 
(3.8)

where irw
2 

is the l/e 2 
target spot area .

Inserting the measured parameters , one obtains the calibration equation relating

the photon irradiance in this system to the total energy in the laser pulse

I = 1.01 x 1010 w cm 2 
j~~ E . (3.9)

p t

The electron current density is obtained f r om the peak val ue of the

oscilloscope signal and the effective emitting area. As noted earlier , the

electron signal was amplified through two fast pulse amplifiers having

characteristic input and output impedances of 50 0 and into a 50 p terminator

on the oscilloscope .

The peak electron density J was obtained from

‘1
— 

2 
= (2.80 x io

_2 
A cm 2 V~~)V (3.10)

A~A~ 500 (rw ) p

where V is the peak voltage deflection on the oscilles p&- , A
1

A are the
2 2gains ot the ampl i f i ers , and irw is the l/e ri rt’ ! of the laser spot , wh ich

was taken as the effective area for electron emission.
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3.5 1.06 pm Laser Pulse C h a r a c ter i s ti c s

The data at 1.06 pm were obtained with single pulses selected front a

Q—switched , mode—locked train from an Nd :glass laser and passed through two

isolators located within four stages of amplification . The experiments were

run concurrentl y with another study which required higher irradiance. To do

th is approx imately 10% of the beam was split out with a pellicle located just

upstream from the fifth amplifier , and a mirror was used to reflec t this

wI lPe r beam into the target chamber built for this experiment. Neutral

density filters located in front of the focusing lens for the target atten—

ri1it ed the laser beam by factors of about 10~~ to 10~~ to cover the desired

range of irradiance (106 to io8 w/cm2) .  Tiit- pulse length of the laser was

measured as 125 + 25 ps by a str eak camera , where the limits include the

pulse—to—pulse variations. The area of the target spot was taken as the area

of the circular white spot (about 1.5 inn in diameter) produced on blackened

polaro id print by an unattenuated , focused lasut pulse. The average area was

1.84 + 0.02 
2

The energy in each pulse was obtained from a calorimetric monitor of

the main laser beam which in turn was calibrated against a calorimeter placed

in the beam split—off for the experiments reported herein. The energy per

pulse for these experiments ranged up to 0.2 J before attenuation.

The laser beam entering the target chamber was elliptically polarized

with the major axis at about 4:30 o’clock (looking into the target).

For measurement of the polarization dependence of electron emission ,

the fast response target described above was rotated 450 about a vertical axis ,
and the drawout electrode was shifted slightl y to give an unoh-~tructed view

of the target from the lens. A polarizer was oriented along the major axis

of the ellipse of polarization of the laser beam (450 ccw from the vertical)

to assure linear polarization at the target . This was followed by a half—

wave plate which was set with Its principal axis at an angular displacement
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of 2 2 . 5° to either side of the direction of polarization. Setting the axis of

ti ll half—wave plate between the in [dent polarization and the  vertical rotated

the polarization direction to vertical , and the polarization vector of the

beam striking the target fell along the target surface. Setting the axis of

the half—wave plate between the incident polarization and the horizontal

rot~~ted the polarization direction to horizontal , and the polarization vector

of tn e  heam s t r i k i n g  the target  had a large component perpendicular to the

1irget surface.

The inciden t irradiance was computed from the measured energy, known

pulse w id th , and the area of the elliptical white spot produced on a blackened

polaroid print by an unattenuated , focused laser pulse (3.90 ~~
2) Because

the half—wave plate had an effective diameter of only 0.5 inch (compared with

an 0.875 inch diameter of the laser beam), the area of the smaller elliptical

spot produced by the laser beam after passing through the collimator for the

half—wave plate was used to calculate the electron current density (0.99 ~~
2
)

3.6 Target Materials

The targets wh i -:h were studied are discussed below .

A h igh purity (> 9).9%) aluminum sample was chemically etched and
cleaned in distill’d water to provide a flat metal surface free of impurities.

To provide a roughened surface another sample of high purity aluminum was

abraded w ith E l Scotchbrite l l  abrasive pad and then ultrasonically cleaned to

remove t races of abrasive.

A cast aluminum sample provides a metal surface containing a relatively

large concentration of absorptive inclusions.

Two samples of conunercial rolled a luminum p 1 - itt ‘iere used in Et
115

received” condition after washing with detergent , distilled water , and alcohol

to remove surface contamination . Aluminum 6061—Tb has the  composition

I
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0.25 percent Cu, 0.6 percent Si , 1.0 percen t Mg , 0.25 percent Cr , balance Al;
and aluminum 2024—T3 has the composition 4 .5 percent Cu , 0.6 percent Mn ,
1.5 percent Mg, balance Al (R f~. ccnr ~ 22). In addition , the surface of one

sample of Al 6061—T6 was rc ; - 11  ci with E
~Scotchbrite

EE abr asive pad to pr ov ide

an abraded surface f or stud)

A type of target containing a large number of field emission points

was purchased from SRI. It consists of a regular array of microscopic cones

on 1 xnil centers produced by vacuum evaporation of copper through a screen

onto a molybdenum subs t ra t e .  As deposit ion proceeded , the holes in the screen

fi l led up, less vapor was transmi tted , and a regular square array of field

emission points was produced . The cones were then overcoated with aluminum .

Type 321 stainless steel was used in lE as received” condition after

rinsing with alcohol. The principal alloy ing elements are 18 percent Cr ,

13 percen t Ni , and traces of Ti (Reference 22).

Titanium alloy was used in “as received” condition after rinsing with

detergen t , d istilled water , and alcohol. Composition of Ti—6A1—4V alloy is

5.50—6.75 percent Al , 3.50—4.50 percent V , less than 0.5 percen t of any other
impuri ty ,  and balance Ti (Reference 22).

Thin sheets of high puri ty gold and silver were cl eaned and fas tened

to aluminum disc substrates with conductive epoxy adhesive .

A sample of practical material was provided by the Air Force Materials

Laboratory . It consisted of an aluminum disc treated with bright dip,

alodined , coated wi th cl eanly degrading polymer , and painted with yellow
primer.
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Section 4

RESULTS AND DISCUSSION

The results of the application of the experimental procedures described

in the preceding section to the nlat rials described therein are reported and

discussed in this section .

First , experiments at 10.6 pm using the CO
2 

laser ar e consider ed for

targets of stainless steel, titanium alloy , aluminum materials prepared in

different ways, and other materials. Next experiments at 1.06 pm using the

Nd laser are reported , in particular , the time dependence of electron

emission , the effect of polarization of the laser beam , and the peak emission

current of electrons as a function of laser irradiance for several different

materials. Finally , the implications of these results are discussed .

4.1 Experiments at 10.6 pm

The maximum irrad i ance obtained using the CO
2 mechanically Q—switched

laser was about 1 x ~~~ w cm 2 in a pulse  of 0.30 ps f u l l  wid th  at half

height. A detailed description of the laser pulse parameters appears in

Section 3.4.3. The pulses occurred in a distribution of sizes and cou ld not

be preselected . Considerable scatter was obtained in all the measurements of

elec tron emission . Relatively small electron pulses were sometimes associated

with large laser pulses which usually produced large electron pulses . (Similar

resul ts have been observed by other workers , Reference 23). Microscopic

variations in surface cond itions undoubtedly account for part of the observed

variation, but a more stable and reproducible laser pulse appears essential

to future detailed studies .
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4. 1.1 Stainless Steel

The available laser irradiances span the LSDW threshold region for

stainless steel. Figure 4—1 shows the dependence of electron emission on

f l (  d~ at laser irrad iance for “as received” Type 321 stainless steel. The

points represent the largest values of peak electron emission current density

observed at th e given irradiances. The voltage on the drawout electrode was

v~iried between 0 and + 500 V. Electron emission was observed at 0 V drawout

in contrast t o  the behavior at 1.06 ~un where no electron emission was

observed with 0 drawout. Increasing the drawout voltage from 0 to 500 V

tended to increase the size of the electron emission by roughly a factor of 3,

but the scatter in the data was too large to permit establishment of quanti-

tative relationship between drawout voltage and electron emission at fixed

irradiance.

In Figure 4—1 the open circles correspond to data taken with the laser

beam incident normal to the target. The crosses are data taken with the laser

beam incident at 450 to the target; for these points the effective area for

calculating both irradiance and current density was increased by ~v 2 to acc oun t

account for the elliptical target spot. The polarization of the laser beam

was in the plane of the target for both target orientations . The results form

both orientations appear to cluster about a single , connion curve.

It is noteworthy that no sharp break in electron emission appears at

the threshold irradiance ‘eported for initiation of LSI) waves . Instead , the

data on the log—log plot can be approximated by a straight line with a slop e

of about 3/4.

4 . 1.2  Ti tan ium Alloy

The laser irradiances span the LSDW threshold region b r  Ti—6A1—4V

alloy . Figure 4—2 shows the dependence of electron emission on incident

laser ir rad iance f or “as r~a cived” Ti—6A1— fiV all oy. The points represent the

(
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Figure 6—2. Dependence e~ Elec tron Emission from
Titanium A l l o y  on lase r Irradiance at
10.6 pm.
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largest values of peak electron emission current density observed at the given

irrad iances. The voltage on the drawout electrode was varied between

0 and + 500 V. Electron emission was observed at 0 V drawout , but the

scatter in the data was tOo large to permit establishment of a quantitative

relationship between drawout volt .-sge and electron emission at f ixed irradiance.

In F igure 4—2 the open c~ ccies correspond to data taken with the

laser beam incident normal to the  t a r g e t .  The t r iangles  are data taken w i t h  the

laser beans incident at 45
0 

to the target with the effective spot area increased

by r2 . The polarization of the laser beam was in the plane of the target.

Although the scatter is large , the points from both target orientations appear

to cluster together .

No sharp incr eas e in elec tron emission appears a t the thr esh old
irradiance reported for the initiation of LSD waves. The data on the log—log

pl ot exhibi ts  a slope of approximately 2.

4.1.3 Aluminum—Containing Materials

Both the pure aluminum with the  chemica l ly  polished surface and the

606l—T6 aluminum alloy were Irradiated repeatedly and on different days at

10.6 pm with irradiances up to IO~ w cm 2 
without production of measurable

electron emission. The lower limit of detectability of electron emission

current density with this system is 8 x l0~~ A cm
2
.

The surface of the pure aluminum sample was abraded with Scotchbrite

and ultrasonically cleaned . Irradiation of this surface produced considerable

electron emission. An irradiance of 6 x 10~ watt cm
2 produced an electron

current density of 4 x l0~~ ampere cm 2 
; 1.6 x 10

6 
watt cm

2 produced

1.2 x 10 2 ampere cm 2
. The l arge increase in electron emission resulting

from roughening the aluminum surface Is paralleled by the well—known obsersa—

vations of a reduction in the threshold irradiance requirement for LSD wave

production when abraded surfaces are substituted for smooth ones.
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I

Irradiation of the mu ltipo int targ et ar ray of aluminum overcoated

copper micro—cones on a molybdenum substrate produced large electron currents.

The initial laser pulse of 8 x lO~ watt cm
2 

produced an electron emission

which went off scale , in excess of i~~~
2 ampere cm 2

. The second pulse at the

same V ,put , 1.7 x io6 watt/cm 2 
, produced electron emission of

l0~~ ampere cm 2 
. Repeated laser pulses were directed on the same spot.

5 —2 . —2
The fifth pulse ~ f 5 x 10 watt cm produced electron emission of 0.11 A cm

At t he end of the sequence of seven laser shots at the same spot on the target ,

visual examination showed a small discolored pinhole area on the target array .

P .cures 4—3a and 4-3b show scanning electron microscope photos of the target

are s . The cones directly under the laser focus are missing ; surrounding cones

a~~ dist orted , and the aluminum overcoating is flaking on nearby cones.

Microglobules of metal can be seen near the corners of the pho to taken at

lower magnification. Possible causes of the localized destruction of the

multipoint array are ohmic heating from the electron flow or direct laser

heating and melting .

4.1.4 Other Materials

At the maximum laser irradiance obtainable from this system ,

typ ically S x l0~ w cm 2
, the electron emission was too small to be measured

(l ess than 8 x l0~~ A cm 2) for gold , silver , cast aluminum , and The painted

aluminum targets used in these experiments.

4.2 Experiments at 1.06 pin

The range of Irradances from the Nd laser system used in these experi-

men ts was about 5 x io6 to 2 x 1O9 watt/cm 2 
In short pulse approximately

0.12.5 ns wide .The size of the pulses could be roughly presele cted by adjusting

the gains in the amplifier train . A detailed description of the laser pulse

characteristics is given in Section 3.5.

To register a voltage signal at the scope from the electrons ejected

by a laser pulse on the target it was necessary to create a small drawout(
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a.

I

b.

I~1gure 4.3. Scanning Electron Micrographs of Multipoint Arra y Irradiated
]0.I’~ pm. a. 200X b. 500X . Points arc aluminum overcoated
on copper deposited on molybdenum substrate on 1 mu centers.
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(of the order of 10 V/cm) field at the target face. A planar electrode con-

taining a hole of the same diameter as the target was located parallel to the

target about 1 cm away . Biasing this electrode to a few hundred volts positive

was sufficient to develop the electron signal. Repeated checks showed that

the signal disappeared when the bias was removed . This behavior contrasts

with the behavior observed at 10.6 pm with longer pulses , both by Walters ,

(C. T. Walters , private communication) and herein where large signals from

photoemitted electrons were obtained without the use of a drawout field .

4.2.1 Time Dependence of Electron Emission

The time—dependence of the electron current pulses were found to

vary wi th increasing irradiance in the short laser pulse. As shown in

Figure 4—4a, for rela tively low irradiance , the electron pulse is a sharp

spike. As the irradiance is increased , a tail wi th a longer time cons tan t

appears on the trail ing edge of the pulse (Figure 4—4b). At the highest

power densities studied the initial spike completely disappears , and both
a slower r ise and long decay occur (Figure 4—4c). These results suggest the

dominant electron—emitting process shifts from a prompt emission mechanism

(for example, enhanced field emission) to a delayed emission mechanism (for

example, thermionic emission) with increasing irradiance. Similar behavior

was observed for all materials irradiated at 1.06 pm.

4.2.2 Polarization Dependence of Electron Emission

The results of the polarization measurements on 606l—T6 Al alloy are

shown in Figu re 4—5. Because substantially more electrons are emitted when

the polarization vector points out of the target than when it lies in the

ta rget plane , it is clear that the electron emission process is strongly

influenced by the electric vector of the laser light as would be expected , for

example, for an enhanced field emission mechanism but not for a purely thermal

e f f ec t .

Elect ron emission from cast aluminum , however , is independen t of the

angle of polarization as shown in Figure 4-6. A mechanism which Is Independent
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a. 20 mV/div

l0nVdj v G = 30 MW/cm
2

b. 50 mV/div

J0 nVdiy G 160 MW/cm2

c. 100 mV/div

10 n~/div G = 290 MW/cm2

Figure 4—4. OlCilloscope Traces of Total Electron EmissIonversus Time at Different Laser Irradj ances
(1.06 ~m, 0.1 ns pulses).
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2

Al 6061-T6
1.064um LASER
45 INCIDENCE

— -e-

2 -
-0-

.
~~

~~~io
2 —

~ 5 —

2 -

io~~ 
—

5 1 I I
5 lO~ 2 5 10~ 2 5

PEAK IR RADIANC E , G~ (WATT/C M2)

Fig. 4—5. Polarization Effect on Electron Emission. The direction of
polarization of the laser radiation was parallel to the target
plar~ for data points marked with ve rtical lines and perpendicular
to the target plane for points with horizontal lines. The perpen-
dicular orientation yielded greater electron emission.
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CAST A LUMINU M
1.06 km LASE R - 0 . 1 ns PU LSES
250 INCIDENCE FROM SURFACE

POLARIZATION OF LASER LIGHT

s— PERPEND ICULAR TO TARGET PLANE

I I i  I I I I

PEAK IRRAD IANCE , G~ (ARBITRARY U NITS)

Fig. 4— 6 .  Polarization Ef fec t  on Electron Emission.
Target was cast aluminum . Emission of
electro ns is ir~lependent of Ii r’ ction of
p(lltri zr)tlorl of laser light.
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of the d irec t ion of the electr ic vec tor of the laser ligh t is domina nt for

cast aluminum , or the surface m icr ostructure of cas t aluminum is so roug h that

a variety of angles is presented to an incoming beam , obscur ing the polar izat ion

effect.

4 .2 . 3  Total Emission Studies on Various Materials

Plots of the peak electron current density J emitted as a function

of laser irradiance for  normal incidence of the las er beam on several targe ts
are shown in FIgures 4—7 to 4—9. The value of J was obtained by dividing

the maximum voltage observed on the scope pho tograph by the 50 ohm scope

termination and the area of the target spot. A new target spot was used for

eac!1 laser pulse to avoid possible effects of annealing on a previous shot.

A .teady increase of electron emission with irradiance is observed , although

thore is appreciable scatter in the data. Note that the figures underemphasize

the total emission of electrons at the higher irradiances because the long

tail of the electron emission curve is not reflected in the plot of peak
elec tron current density .

In Figure 4—7 the electron emission of cast aluminum a surface con-

taining a relatively large amount of absorptive inclusions is given together

with that for high purity, chemically etched aluminum . Comparison of the data

shows no significant difference In electron emission between the two materials ,

except poss ibl y at the lowest irradiance studied . For these tenth—nanosecond

pulses at 1.06 pm , the vaporization of volatile impurities does not appear to

contribute significantly to the electron emission.

In Figure 4—8 is shown the electron emission from two different sur-

face preparations of Al 6061—T6 alloy — “as receivedll and abraded . The

abraded surface yields abou t twice the curren t densi ty compared to the “as
received ” surface indicating the enhancement effect of surface irregularities.
Comparison with Figure 3—3 shows that the current density emitted by the “as

received” Al 6061—T6 alloy is two to three times that of the high purity, flat
aluminum . It is not clear whe ther this d if fe rence  is due to the roll ing and
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—l10

1.06 pm LASER -0.1 ns PU LSES
- NORMAL INCIDENCE

- D
o
t
0

£ £ 6

- £ £6
£

0

~ -2 £
£

- 
£ 0

0

£
>1

£
z

z

~ -3
o 10 —

o — PURE ALUMINUM (ETCHED)
£ — CAST ALUMINUM

I I  I I I I I  I I I
10 8 9

10 
PEAK IRRADIANCE , G (WATT/CM2

) 
10

Fig. 4—7. Dependence of Electron Emission on I,aser Irradiance
Siri~1e pulses of 125 ± 25 ps duration were selected
from a mode-locked , Q-switched train and focused io( a 1.5 mm diaine te r spot. T~i ~~~ t mate rials we re high
purity aluminum and cast aluminum.
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2

ALUMINUM ALLOY
Al 6061-T6 0-AS RECEIVED •-ABRADED
1.06 pm LASER - 0 . 1  ns PU LSES I

io~~ 
— NORMAL INCIDENCE

I

I 0
5 -  0

c I I ~~O

~~~~~~ 

: 
:. ~~~~~~~~~: 

~~~~~~~~~~

—

I

5 1 I

5 1O7 2 5 i08 2 5

PEAK IRRADIANCE. G~ (WATT/C M
2
)

Fig. 4-8. Dependence of Electron Emission on Laser
Irradlance . Target m~tt  als ,.~rr e  ;t ~~
received” and ab r id d targets of Aluminum
6061-T6 alloy.(
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io~~ ~
- 

1.06 pm LASER - 0. 1 as PULSES
- NORMAL INCIDENCE

0
-

00

~~~io
2 

~

0 0

0 io~~ 
—

as -

- 

0 — Al 6061-T6, AS RECEIVED
— Al 2024—T3, AS RECEIVED

I I I I  I I I I I  I
10 8 9

PEAK IRRAD~~ NCE , G~ (WATT/CM 2)

Fig. 4—9. Dependence of Electron Emission on Laser Irradlance.
Target materials were “as received” aluminum - -

( 6c61-T6 alloy arid “as received” al uminum 202I~-T3 Alloy
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heat treatment In the production of thi alloy or to the metallic alloying

materials.

In Figure 4—9 the electron emission from two different “as received”
i l l oys is shown. The emission from Al 2024—T3 is nearly a factor of 50

oaller than that from Al 606l—T6 . These results indicate that the probability

of formation of an LSD wave from a target of Al 2024—T3 alloy should be

cons iderab ly  less than t ha t  from pure Al , cast Al , or 606l—T6 alloy .

‘~.3 Discussion

To examine the experimental results In terms of the possible electron
emission mechanisms , one has to evaluate some related quantit ies . Firs t , a

rough estima te is made of the elec tron curr en t density needed to in it ia te an
LSD wave in a i r, and the experimental results are compared with the estimate.

Next the temperature rise at the target is calculated by two different models ,

1) deposition of laser energy Into the electromagnetic skin depth without

conduct ive  heat loss , and 2) deposition of laser energy at the target surface
with heat conduction into the target. The effect of temperature rise on

vaporization of the target and upon thermionic electron emission Is discussed .

4.3.1 Estimate of Electron Current Density Required to Initiate Fast Break-

down in Air

Walters has shown (Reference 1, November 1973) tha t a concen tra tion

of 1014 electrons per cm3 
in air at normal pressure is adequate to initiate

fast breakdown in the air as a priming mechanism for igni tion of LSD waves by

laser pulses . For a mean free path of electrons in oir of about 1 pm and a

bu ildup t ime of about 100 na , one calculates a ~urren t densi ty of abou t
—2 —21.5 x 10 A cm . This number can be compared with the emitted electron

current density measured in vacuum in the present experiments as a necessary
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but not sufficient condition for initiation of LSD waves in air .

Examination of the CO
2 

laser data on st~s inl€ —~;s ~tceI in Figure 4—1

shows this criterion is met at an ir r ad ian  of about 4 x 10
6 
w cm

2
, within

the range of reported LSD wave threshold irradiance va1u~ s. Ext rapo la t ion  of

the CO
2 

laser data for titanium alloy in Figure 4—2 shows the criterion would

be met at an incident irradiance of about € x io
6 
w cm

2
, somewhat higher than

tht.~ reported LSDW threshold of about 2 x ioô w cm 2
.

Examination of the Nd laser data in Figures 4—7 to 4-9 shows the

criterion to be met at irradlances of about 2 x i08 w cm 2 for  cas t alumin um

and pure aluminum , about 5 x w cm
2 

for Al 6061—T6 alloy (somewhat lower

for abraded alloy), and at the much higher value of about 2 x 1O9 w cm 2 for

Al 2024—T3 alloy .

These data generally demonstrate that irradiances of the magnitude reported

to prod uce LSD waves in air generate su f f i c ien t  el e ’t ron  current density to

account for the LSD wave initiation.

4.3.2 Temperature Rise at the Target Surface

The calculation of maximum temperature rise at the target indicates

the relative importance of thermionic emission and vaporization as sources

of elect rons .

A simple calculation may be made by assuming that the laser energy is

deposited within the electromagnetic skin depth of the target and that no

energy is conducted or radiated away . This gives an upper limit to the

temperature rise in degrees C

AT a (AE)/(iSpe ) (4.1)

where a is the absorptance , AE is the incident fluen e in the laser pulse

in J cm 2 
, 6 is the deposi t ion depth in cm , p I~ the’ target density
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in g cm 3
, and c is the specific heat capacity of the target in i cm~~~(H.

Musal (Reference 24) has used }Iagen—Rubeno theory and experimental

measurements to de r ive the ah s o r p t a n ce  and elec tromagnet ic skin dep th  in term s

of the electrical resistivity of the metal target and the wavelength of the

laser l ight. He obtained

a = 3. 65 x 10 2 
~~~/ )

1/2 ( 4 . 2 )

and tS = 2.91 x lO~~ 
~~e 

X ) ~~
’2 

(4.3)

where a is the absorptance , ó is the skin depth in ~m , is the electrical

r e s i s t iv i ty  in ohm cm , and A is the 1~ ser wavelength in pm.

Using this formulation in the preceding equa t ion  one obtains fo r  the

upper limit to the temperature rise

= 1.25 x l05~~ E/ (p c A ) . (4 .4 )

This expression is Indepedent of t h e  electrical resistivity of the

metal which cancels out in the term a/6 . It should be reemphasized that

the temperature rise calculated from this equation Is an overes t ima te because

no energy loss from the laser spot is included in the model. This is labeled

Model 1.

Table 4—1 gives the calculated upper limit to the final temperature

in various materials starting at 20°C f or two typical laser pulses in these
8 —2 6 —2experiments, 10 w cm for 0.125 ns at 1.06 urn (Nd laser), and 10 w cm

for 0.3 u~ 
at 10.6 urn (CO2 laser).

Model 2, which includes conduetion ,has been developed by Bechtel

(Reference 14). He considers a laser pulse , gaussian in time and space,

which is absorbed at the surface of the target. h is equations can be

4—18

LOCKHEED PALO ALTO RESEARCH LABORATORY
L O C I N S I D  M I S S I L E S  £ S P A C E  C O M P A N Y  I N C
A I M S I I D E A E ,  O P  L O C E N I I D  * 1 1 ( 1* 5 1  C O I P O I A T I O N

- - - . - --V-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ -- ---- -_ _ -
— - —-— —~~ — -.- ~~~— —- — - — _______ ____________________________________



LMSC—D566093

Table 4—1 . Propertice of l’,ir~~s t  Materials and Estimates of

Temperature  Rise

Target Material Al Al Al Stain— Ti
pure Alloy Alloy less Alloy

L~61—T6 2024— Steel 6Al—4V
____________________________ T3 321

Density 2.70 2.77 2.70 8.0 4.47 g/cm
3

Hea t Capac ity 0.90 0.84 0.96 0.50 0.61 J/(gC)

Thermal Conductivity 2.37 1.52 1.62 0.16 0.13 w/(crn C)

Elec trical Resistivity 2.8 5.74 4.11 70 150 p12 cm

Absorptance (1.06 pm) 0.060 0.085 0.072 0.30 0.45

(10.6 pm) 0.020 0.027 0.023 0.09 0.13

Skin Depth (1.06 pm) 0.5 0.72 0.6 2.5 4 (x lO
6
cm)

(10.6 pm) 1.6 2.3 1.9 8 12 (x lO
6cm)

Melting Range 660 580— 500— 1370— 1540—

650 640 1430 1650 C

Boiling Point 2467 3287 (pure Ti)  C

Final Temperature

Nd laser pulse (10
8 w/cm 2 

, 0.125 as)

Model 1 630 660 595 395 565 C

Model 2 47 67 56 410 812 C

CO2 
laser pulse (106 w/cni2 , 0.3 ps)

Model 1 1480 1550 1390 910 1320 C

Model 2 24 27 26 78 132 C

Model 1. Absorption Into skin depth , no conduction or radiation .

Model 2. AbsorptIon at surface, conduction Into material.

Values from Reference 22.
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s impl i f ied  to yield the peak temperature at the center of the laser spot

I
T = 1.21 T~~ 

(4 .5)
(Kp c ) ½

where a is the absorpt ivi ty , 
~~ 

is the max imum irradiance incident on the
:ar c et , t is the temporal gaussian scdling factor (= .60 FWRM), K is the

thermal conduct iv i ty,  p is density , and c is the spec i f i c  heat capaci ty

of the target. The temperature rise calculated from this model is also

expected to be an overestimate because the laser energy is deposited at an

inf in itely th in layer at the surface , rather than being absorbed in the

volume of the target. (Bechtel al~~eI t rea ts  the volume absorp t ion case , but

the simpler approach should s u f f i c e  h e r e . )  The t empera tu re  rises for various
materials calculated from Eq. (4.5) is shown in Table 4-~ for  the same laser

pulses used previously.  The tempera ture  increases ;lrI - significantly lower

fo r  most of the cases calculated , but 5~~~t ha lly for the relat ively long CO
2

laser pulses where ample time is allowed for conduction of heat away from
the ta rget spot.

The temperature increases above the 20 C starting temperature scale

directly with laser irradiance in both models.

Incidentally , at the melting point of metals , the thermal conductivity

drops sharply and the electrical resistivity (and hence both the absorptance

and skin depth)  increases sharp ly .  For pure l iquid Al at 700 C the electrical
resistivity is 26.3 micro—ohm cm (compared with 2.37 mtcro—ohn’ cm at room

temperature) and the thermal conductivity is 0.90 w cm ’C ’ (compared with

2.37 w cm 1
C~~ at room temperature) . (Reference 23). Model 1 of temperature

rise considered above is unaffected by this discontinuity because thermal

conduction is prevented and the electrical resistivity e cacels out in the

expression ci/ 6 . Model 2 wIll show increased temperature rises if the

target melts becauae of the reinforcing factors of Increased absorptance and

reduced therma l conductivity.
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4.3.3 Effects of Temperature R ise

The data obtained for  0.1 ma pulses of 1.~) E pm laser radiation is

considered with respect to temperature rise. At the lowest irradiances ,

3 x lO~ w ctn
2 

the elec tron emission appeared in a short pulse whose width

corresponded to the minimum response time of the electronics. As the laser
jirradiance was increased , this sharp spike of electron emission developed a
tail at longer times. At the highest irradiances , 3 x io

8 w cm 2 
the

electron emission pulse loses its “sp ike 51 appearan ce and exhibi ts  both a

slower rise and a longer decay . This behavior was observed for all the

materials tested . The calculation of temperature rise by ~odei 1 a1s~
supports the suggestion that the dominant electron—emitting process shifts

from a prompt emission mechanism to a delayed emission mechanism . Alterna—

tively , a space charge eff act might also occur at the higher current

densi ties , limiting the ra te  of rise of the electron emission pulse and
extending its length. This could be tested by increasing the electron drawout

field. Assuming zero thermal conduction , the final temperature of the

Al 6061—T6 alloy irradiated with a 0.125 ins pulse at 3 x 108 w cm
2 would

be 1940 C. This value is considerably below the boiling point of pure Al at

2467 C, so that vaporization even of thin laminae (0.5 x iO b cm) is negligi-

ble.

The amount of thermionic emission may be estimated from Richardson ’s

equation (Reference 25)

2 - -J A T exp (—c ~/kT) (4.h)

where J is the electron current density in A cm~~ , 4~ 
is the work functc~m

of the surface, T is the temperature in kelvins, K ~~S -~ dtziuann ’s

constant — 8.62 x 10~~ eV 1(1, and A is Richardson ’s constant 60.2 A cm 2K 2.

Taking a work function of 4.08 eV for aluminum , one calculates that a surface

temperature of 1940 C will produce an electron curre ;: dcnsitv of

1.5 x 10
_ i 

A cm 3, a value in reasonable agreement with that observed for
abraded 606l—T6 alloy . The stringent assumption of zero heat conduction was
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required to obtain this agreement . Because~ of the extremely rap id f a l l o f f  of

therinionic emission as the temperature i - . reduced , thermion i~: c~~~ssion is

Inadequate to account for the observed emission curren t density at lower

irradiances for the Nd laser. For example , at an irradiance ui 2 x 108 w cni2

the calculated final temperature is 1300 C for which the thermionic electron

cur rent density is only 1.3 x l0~~ A cm 2
.

Failure to observe appreciable electron emi :sion with the longer CO
2

laser pulses on pure aluminum indicates that the temperature rise calculated

in the absence of thermal conduction Is an overestimate. For example , the

temperature rise for a CO
2 
pulse of 0.3 ps at an irradian~ e of 1.5 x 106 w cm 2

Is 2190 C which would give thermionic emission in excess of 1 A

Experimentally , an upper limit of 8 x 10~~ A cm
2 
was obtained . Consequently ,

the true temperature rise must be much less.

For these calculations it must be noted that  the va lu e  of the work

function is highly dependent on surface condition so that a variation of

several tenths of an electron volt from the quoted va~ ue is not at all un-
reasonable.

4.3.4 Multiphoton Emission of Electrons

The energy of a Nd laser photon of wavelength 1.06 psi is about 1.17 eV

while that of a CO2 laser photon is 0.117 eV. Assuming the work function of

the metal targets to be in the range 3.6 to 4.6 eV , one calculates that multi-

photon photoemission of electrons by the Nd laser is a 4 — p I l o : o n  process ,

while multiphoton photoemiasion of electrons by the CO
2 

laser requires in

excess of 30 photons . For true multipho ton photoemission , log—log plots of

electron emission current density versus irradiancc shoule have a slope

corresponding to the number of photons required (see Fi t , . 2 — 1) .  Examination

of the total emission data in Figures 4— 1 , and 4— 6 to 4—8 shows slopes of

approximately one and in Figure 4-2 a slope of about two. On thLs basis the

pure multiphoton photoeffect appears to be negligible. It Is possible that

the measurements reported herein lie in ti a saturation region of Figure 2—1 ,
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4

but this is not clearly established .

4.3.5 Enhanced Field Emission

The evidence for enhanced field emission is sunanarizea . Electron

emission app ears to be prompt except at  the i~ he~ t irradianaes (Figure 4 — 4 ) .

Emission is cbtained with sho rt laser pulses of high irradianLe but low
f lue nce , so that the ta rget is not heated to thermionic emission temperatures
and does not vaporize. Polarization of the laser beam normal to the target

surface substantially enhances electron emission compared with polarization

pa rallel to the surface in the case of Al 6061-T6 alloy (F~~,~ re 4—5), but

this polarization effec t does not appear for the cast aluminL1r~ target .

Roughening the target surface produces enhanced electron emis~ ion (Figure 4-8

and Section 4.1.3).

Comparison with Table 2—1 shows all these effects , with the exception

of lack of polarization dependence for cast aluminum , are characteristic of

the enhanced field emission mechanism .

4.3.6 Conclusions

In the experiments reported here , sufficient el~s tron current density

to produce LSD waves in air is generated in vacuum at laser irradiances near
the reported thresholds. The temperature rise is too ~-uaiI tor thermionic

emission to be significant except possibly at the hi ghest Irradiances s t u d i . d .

The temperature rise is too small to induce vaporization of even thin laminae

of the bulk material. The slope of log total  electron e n is s i o n  versu:;  log

irradiance plots is too small to correspond to true multip h ’ toiI em ission of

electrons. The bulk of the evidence supports enhanced field emiasi.oo as an

operative mechanism for electron production in most of the moterials studied .
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